Introduction {#S0001}
============

Pancreatic cancer is characterized by advanced clinical presentation, rapid progression, and early metastasis. Pancreatic cancer has a poor prognosis, and the five-year survival rate is below 5%.[@CIT0001],[@CIT0002] Most patients who present at the hospital are at an advanced stage with less opportunity for radical treatment. Although tremendous efforts have been made to improve the diagnosis and treatment of pancreatic cancer, pancreatic cancer still ranks fourth in cancer-related death.[@CIT0003] Better understanding the mechanisms behind the occurrence and development of pancreatic cancer requires further analysis to increase the overall survival rate and identify novel targets for early diagnosis and specific therapy.[@CIT0004]

microRNAs, which are 18--22 nucleotide long, serve as important epigenetic regulators and control gene expression at the post-transcriptional level. microRNAs are significantly associated with malignant behaviors of tumors, including tumorigenesis, proliferation, invasion, migration, cell cycle regulation, and apoptosis, by regulating the expression of specific genes.[@CIT0005]--[@CIT0007] Previous studies have shown that microRNA-21, microRNA-221, and microRNA-155 play oncogenic roles in pancreatic cancer, while microRNA-34, microRNA-200, microRNA-let-7, microRNA-15a, microRNA-506, microRNA-96, microRNA-17-92, and microRNA-145 might function as tumor suppressors.[@CIT0008] Because each microRNA has hundreds of targets, alterations of microRNAs could significantly change the expression of various genes involved in multiple key signaling pathways in pancreatic cancer. Several studies have suggested that serum and plasma miRNAs (miR-16 and miR-196a) could serve as novel diagnostic and prognostic biomarkers with high sensitivity and specificity when combined with CA-199.[@CIT0009],[@CIT0010] Therefore, the development of targeting specific miRNAs could offer novel methods for the diagnosis, prognosis, and therapy of pancreatic cancer.

In our research, we identified a novel tumor suppressor, miR-1224-5p, in pancreatic cancer based on three GEO datasets. In addition, the diagnostic and prognostic values of miR-1224-5p were investigated based on The Cancer Genome Atlas (TCGA) database. Then, the E74-like ETS transcription factor 3 (ELF3) gene was recognized as the target of miR-1224-5p based on integrated bioinformatic analysis and experimental verification. ELF3 plays an important oncogenic role in several tumors, such as lung cancer,[@CIT0011] liver cancer,[@CIT0012] and breast cancer,[@CIT0013] via the PI3K/AKT, ERK and EMT signaling pathways. To further investigate the specific functions of ELF3 in pancreatic cancer, Kyoto encyclopedia of genes and genomes (KEGG) pathway, gene ontology (GO), and gene set enrichment analysis (GSEA) studies were performed based on the TCGA and STRING databases. Our results showed that ELF3 could promote the progression of pancreatic cancer via the PI3K/AKT/Notch/EMT signaling pathways based on in vivo and in vitro experiments and bioinformatic analysis.

Materials and Methods {#S0002}
=====================

Cell Lines {#S0002-S2001}
----------

Four human pancreatic cancer cell lines (AsPC-1, Capan-2, PANC-1, and SW1990) and the human normal pancreatic cell line hTERT-HPNE were purchased from American Type Culture Collection. AsPC-1 cells were grown in RPMI-1640 medium containing 10% FBS. Capan-2 cells were maintained in McCoy's 5a modified medium supplemented with 10% FBS. PANC-1 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS. SW1990 cells were cultured in Leibovitz's L-15 medium with 10% FBS. hTERT-HPNE cells were grown in 75% DMEM without glucose and 25% M3 Base medium supplemented with 5% FBS, 5.5 mM D-glucose, 10 ng/mL human recombinant EGF and 750 ng/mL puromycin.

Tissue Collection {#S0002-S2002}
-----------------

Fresh pancreatic tumors and matched adjacent normal tissue were obtained at the time of surgery from 2018 to 2019. The tissues were properly stored in liquid nitrogen.

Bioinformatic Analysis and Survival Analysis {#S0002-S2003}
--------------------------------------------

Three miRNA microarray datasets (GSE119794,[@CIT0014] GSE32678,[@CIT0015] and GSE24279[@CIT0016]), which consisted of tumor tissues and normal tissues of the pancreas, were downloaded from the GEO database to identify differentially expressed miRNAs. The raw data of these datasets were extracted and normalized according to the methods provided by the data contributors. The relative expression level of miR-1224-5p between the normal and tumor groups was calculated based on Student's *t*-test. P \< 0.05 was defined as significantly different.

The GEPIA database provided differential gene expression analysis of 33 kinds of cancers based on integrated analysis of the TCGA and GTEx databases. The differentially expressed genes with \|log~2~foldchange\|≥1 and P \< 0.05 were selected based on 179 pancreatic cancer samples and 171 normal pancreas samples.[@CIT0017]

The miRNA-seq, RNA-seq, and clinical data of 179 pancreatic cancer patients were downloaded from the TCGA website on June 15, 2019. The relationship between clinicopathological characteristics and ELF3 or miR-1224-5p expression levels was visualized by GraphPad Prism 7. The survival plots for ELF3 and miR-1224-5p were created by the R package "survival" based on TCGA data, and survival times less than 30 days were excluded to avoid potential bias. The detailed data on ELF3 and miR-1224-5p expression and corresponding clinicopathological information are provided in [[Tables S1--S2](https://www.dovepress.com/get_supplementary_file.php?f=248507.pdf)]{.ul}.

GO, KEGG Pathway, GSEA, and Immune Infiltration Analyses {#S0002-S2004}
--------------------------------------------------------

To elucidate the mechanisms behind the miR-1224-5p/ELF3 axis in pancreatic cancer, we performed KEGG pathway and GO analyses of molecular function (MF), biological process (BP), and cellular component (CC) based on the STRING database.[@CIT0018] GSEA was utilized to find relative signaling pathways of ELF3 based on the mRNA data of 179 pancreatic cancer samples from the TCGA database.[@CIT0019],[@CIT0020] The immune infiltration levels of six immune cell types associated with ELF3 expression were analyzed based on the TIMER database.[@CIT0021],[@CIT0022]

Western Blot {#S0002-S2005}
------------

The detailed procedures for Western blotting were performed as previously described.[@CIT0023] Equal amounts of protein (30 µg) were loaded per lane. The protein was separated by different concentrations of SDS-PAGE gel and detected by specific antibodies. Antibody information is provided in [[Table S3](https://www.dovepress.com/get_supplementary_file.php?f=248507.pdf)]{.ul}.

RNA Extraction and Quantitative Real-Time PCR {#S0002-S2006}
---------------------------------------------

RNA extraction and qRT-PCR procedures were performed according to the methods described in a previous study.[@CIT0024] The detailed RT-PCR primer sequences are provided in [[Table S4](https://www.dovepress.com/get_supplementary_file.php?f=248507.pdf)]{.ul}. GAPDH and U6 were utilized as internal controls to normalize ELF3 and miR-1224-5p expression, respectively. Fold changes in ELF3 and miR-1224-5p were measured by the 2^−ΔΔCT^ method.

CCK-8 Assay {#S0002-S2007}
-----------

The CCK-8 kit provided by Beyotime Biotechnology was utilized to assess cell proliferative ability. AsPC-1 or PANC-1 cells were seeded into 96-well plates with 2000 cells in each well in triplicate wells. Ten microliters of CCK-8 solution was added to each well after the cells attached to the well surface, and the plates were incubated in the cell incubator for 1 hour. Then, the OD value was measured by a microplate spectrophotometer (Bio-Rad Laboratories, USA).

Colony Formation Assay {#S0002-S2008}
----------------------

Cells that received different treatments were digested and plated in 6-well plates with 700 cells per well. The culture medium of each well was replaced every 3 days for ten to fourteen days. When visible colonies were formed, the colonies were fixed with methyl alcohol, and crystal violet was used to stain the colonies.

Wound-Healing Assay {#S0002-S2009}
-------------------

For cellular migratory capacity in vitro, cells that received different treatments were seeded into 6-well plates (Guangzhou Jet Bio-Filtration Co., Ltd) in triplicate.[@CIT0025] A 200 μL sterile pipette tip was utilized to draw lines on the surface of each well. The previous medium was removed, and the cells were washed three times with PBS. Then, 2 mL of serum-free medium was added to each well, and culture was continued for 24 hours.

Transwell Invasion Assay {#S0002-S2010}
------------------------

For cellular invasive ability in vitro, the transwell method (Corning Co., USA) was employed according to the methods previously described in our study.[@CIT0026] The upper transwell chamber was precoated with Matrigel Matrix (Becton, Dickinson and Company, USA). A total of 50,000 cells in 0.1 mL culture medium without serum were placed in the upper chamber, and the lower chamber was filled with 0.7 mL culture medium containing 10% FBS. The residual cells in the top surface of the chamber were dislodged softly using a swab after one day of coculture. Then, 4% paraformaldehyde and crystal violet were added to fix and stain the invading cells in the lower surface of the chamber sequentially. Five stochastic images obtained from each chamber were utilized to calculate the mean number of invading cells.

Cell Transfection {#S0002-S2011}
-----------------

Three siRNAs specifically targeting ELF3 were provided by GenePharma Biotechnology (Shanghai, China). The three siRNA sequences were as follows: siELF3-1: CCATGAGGTACTACTACAA; siELF3-2: GCCATTGACTTCTCACGAT; and siELF3-3: CCTCATGAAGTGGGAGAAT. Since siELF3-1 was more effective than siELF3-2 and siELF3-3 after transfection of AsPC-1 and PANC-1 cells, siELF3-1 was selected to design shRNA against ELF3. Lentiviruses containing ELF3-shRNA (5ʹ-CCATGAGGTACTACTACAA-3ʹ) were generated using the pHBLV-U6-ZsGreen-puro lentiviral RNAi expression system that was provided by Hanbio Biotechnology Co. Ltd. (Shanghai, China). miR-1224-5p mimics, miR-1224-5p inhibitor, and miR-NC (negative control) were designed and synthesized by GenePharma Biotechnology (Shanghai, China). The overexpression plasmid (gV144-ELF3) and miR-1224-agomir were provided by GeneChem Biotechnology (Shanghai, China) for animal experiment. Lipofectamine 3000 (Thermo Fisher Scientific, Invitrogen, USA) was used for cell transfection depending on the official guidelines.

Luciferase Reporter Experiment {#S0002-S2012}
------------------------------

For the luciferase assay, the TargetScan, miRanda, and miRWalk websites were utilized to predict the potential binding sites between ELF3 mRNA and hsa-miR-1224-5p. The 3ʹ untranslated region (UTR) fragments of ELF3 with the wild-type binding site of hsa-miR-1224-5p or the mutated binding site of hsa-miR-1224-5p were designed and chemically constructed by GeneChem Biotechnology (Shanghai, China). HEK293T cells (100,000) were seeded in triplicate into 24-well plates one day before transfection, and then miR-mimics or miR-NC was cotransfected with the wild-type or mutant plasmid, respectively, using Lipofectamine 3000 (Invitrogen, USA). The relative luciferase activity was recorded 48 hours after transfection using the Dual-Luciferase Reporter Assay System (Promega, USA).

Immunohistochemical Assay {#S0002-S2013}
-------------------------

The detailed immunohistochemical assay procedures were performed according to the methods described in our previous study.[@CIT0027] The staining intensity score of each section was graded based on the following scores: 0 for negative; 1 for weak; 2 for moderate; and 3 for strong. In addition, the staining extent score depended on the rate of positive cells and was defined as follows: 0 for less than 5%; 1 for 5% to 25%; 2 for 25% to 50%; 3 for 50% to 75%; and 4 for greater than 75%. The final score was measured using the following equation: final score = score of staining intensity × score of staining extent. Final scores between zero and seven were defined as low expression, and final scores from eight to twelve were regarded as overexpression. Ten visual fields were randomly selected from every section to calculate the average score for each section.

Xenograft Tumor Assay {#S0002-S2014}
---------------------

A subcutaneous tumor model was utilized to assess the function of ELF3 and miR-1224-5p in pancreatic cancer progression in vivo according to previously described methods.[@CIT0028] BALB/c nude mice (28 days old, female) were provided by Huafukang Biotechnology (Beijing, China). An SPF animal laboratory was used to house the nude mice. A total of 1 × 10^6^ cells from different groups in 0.1 mL PBS solution were subcutaneously injected in the left axillary area. Volumes of subcutaneous tumors were measured every week using a Vernier caliper. Subcutaneous tumor volumes were obtained according to the equation V (volume) = (L × W × W)/2, where L represents the long axis of the tumor, and W represents the short axis of the tumor. After 21 days, the mice were sacrificed to surgically obtain tumoral tissues for subsequent immunohistochemical analysis.

Statistical Analysis {#S0002-S2015}
--------------------

The statistical analysis was completed using SPSS (version 19.0, SPSS Co., America) or R software (R version 3.6.1). Two-tailed Student's *t*-test or one-way ANOVA were utilized for statistical comparisons among different groups. Each experiment was repeated at least three times.

Results {#S0003}
=======

miR-1224-5p Is Downregulated in Pancreatic Tumor Tissues, and Its Expression Is Correlated with Clinicopathological Features and Prognosis {#S0003-S2001}
------------------------------------------------------------------------------------------------------------------------------------------

To identify differentially expressed miRNAs between pancreatic normal and tumor tissues, three GEO datasets, GSE119794 (10 tumor and 10 normal tissues), GSE32678 (25 tumor and 7 normal tissues) and GSE24279 (136 tumor and 22 normal tissues), were obtained from the GEO website. Analysis of the three datasets indicated that miR-1224-5p was commonly downregulated in pancreatic tumor tissues, as shown in [Figure 1A](#F0001){ref-type="fig"}. Then, RT-PCR was performed to examine miR-1224-5p expression in 20 pairs of pancreatic tumors and matched adjacent normal tissues. miR-1224-5p was confirmed to be downregulated in tumor tissues, which was consistent with the publicly available sequencing results ([Figure 1B](#F0001){ref-type="fig"}). In addition, the relative expression level of miR-1224-5p between a pancreatic normal cell line and cancer cell lines was detected. The cancer cell lines AsPC-1, Capan-2, PANC-1, and SW1990 showed lower miR-1224-5p expression levels than hTERT-HPNE cells ([Figure 1C](#F0001){ref-type="fig"}).Figure 1miR-1224-5p is downregulated in pancreatic tumor tissues and miR-1224-5p expression level is related with clinicopathological features and prognosis. (**A**) miR-1224-5p expression levels of three GEO datasets including GSE119794, GSE32678, and GSE24279. (**B**) The relative expression level of miR-1224-5p in 20 pairs of pancreatic tumor and adjacent normal tissues measured by qRT-PCR. (**C**) The bar chart shows the relative miR-1224-5p expression levels of four pancreatic cancer cell lines (AsPC-1, Capan-2, PANC-1, and SW1990) and normal pancreatic cell line (hTERT‐HPNE). (**D**) The expression level of miR-1224-5p in patients from different clinical stages based on TCGA dataset. Stage I (n=20), Stage II (n=142), Stage III (n=3), Stage IV (n=5). (**E**) miR-1224-5p expression level in patients with pancreatic cancer of different tumor stages based on TCGA dataset. T1&T2 (n=29), T3&T4 (n=142). (**F**) miR-1224-5p expression level between different lymph node metastatic states based on TCGA dataset. N0 stands for without lymph node metastasis and N1 stands for with lymph node metastasis. N0 (n=48), N1 (n=121). (**G**) Low expression of miR-1224-5p indicates a poor overall survival of pancreatic cancer based on the data obtained and analyzed from TCGA dataset (n=168). \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

To understand how miR-1224-5p expression affects pancreatic cancer development, we evaluated correlations between miR-1224-5p and clinicopathological or survival information based on the TCGA database. As shown in [Figure 1D](#F0001){ref-type="fig"}--[F](#F0001){ref-type="fig"}, low expression of miR-1224-5p was significantly correlated with advanced clinical stage, advanced tumor stage, and lymphatic node metastasis. In addition, low expression of miR-1224-5p was correlated with a poor prognosis ([Figure 1G](#F0001){ref-type="fig"}).

miR-1224-5p Inhibits the Migration, Invasion, and Proliferation of Pancreatic Cancer Cells {#S0003-S2002}
------------------------------------------------------------------------------------------

To study the possible effect of miR-1224-5p on pancreatic cancer, the AsPC-1 and PANC-1 cell lines were selected and transfected with miR-1224-5p mimics, inhibitor, or miR-NC. CCK-8 and colony formation experiments were conducted to detect the proliferative ability. The proliferation of AsPC-1 and PANC-1 cells was significantly inhibited after transfection of miR-1224-5p mimics in contrast to the miR-NC group, but cell proliferation was improved after transfecting miR-1224-5p inhibitor in compared to the miR-NC group ([Figure 2A](#F0002){ref-type="fig"}--[C](#F0002){ref-type="fig"}). To evaluate cell migratory and invasive ability, wound-healing and transwell experiments were performed, respectively. Overexpression of miR-1224-5p significantly reduced the migratory and invasive ability by transfecting miR-1224-5p mimics into AsPC-1 and PANC-1 cells compared with the negative control group. In addition, inhibition of miR-1224-5p expression through transfection of the inhibitor promoted the migratory and invasive ability in both cell lines ([Figure 2D](#F0002){ref-type="fig"}--[G](#F0002){ref-type="fig"}).Figure 2miR-1224-5p inhibits proliferation, migration and invasion of AsPC-1 and PANC-1 cell lines in vitro. (**A**) CCK-8 assay was employed to detect the effect of miR-1224-5p on the proliferation ability of AsPC-1 and PANC-1 cell lines. (**B**) Representative images of colony formation assay from AsPC-1 and PANC-1 cell lines transfected with miR-1224-5p mimics and inhibitor. (**C**) Bar chart of the statistical analysis results of colony formation assay. (**D**) Wound-healing assay of AsPC-1 and PANC-1 cell lines transfected with miR-1224-5p mimics and inhibitor. (**E**) Statistical analysis results of Wound-﻿healing assay. (**F**) Transwell assay of AsPC-1 and PANC-1 cell lines after transfected with miR-1224-5p mimics and inhibitor. (**G**) Statistical analysis results of Transwell assay. miR-NC stands for negative control, miR-mimics stands for miR-1224-5p mimics, miR-inhibitor stands for miR-1224-5p inhibitor. Data are presented as means ± SEM (n = 3 per group). \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 vs the miR-NC group.

*ELF3* Is a Target Gene of miR-1224-5p {#S0003-S2003}
--------------------------------------

The TargetScan, miRanda, and miRWalk databases were employed to predict potential target genes of miR-1224-5p. ELF3 was chosen as a possible target gene of miR-1224-5p since it was predicted by all three databases ([Figure 3A](#F0003){ref-type="fig"}). We also found a significantly inverted relationship between ELF3 and miR-1224-5p expression based on 174 pancreatic cancer samples from the TCGA database ([Figure 3B](#F0003){ref-type="fig"}, [[Table S5](https://www.dovepress.com/get_supplementary_file.php?f=248507.pdf)]{.ul}). To evaluate the regulatory relationship between miR-1224-5p and ELF3, we synthesized two luciferase reporter vectors containing wild-type or mutant ELF3 sequences of the 3ʹ UTR ([Figure 3C](#F0003){ref-type="fig"}). Subsequently, miR-1224-5p mimics or miR-NC were transfected along with the different luciferase reporter vectors into HEK293T cells. Overexpression of miR-1224-5p significantly reduced the luciferase activity of the vector containing the wild-type ELF3 3′ UTR. However, luciferase activity did not change significantly in cells transfected with the vector containing the mutant ELF3 3′ UTR ([Figure 3D](#F0003){ref-type="fig"}). miR-1224-5p mimics or inhibitor were transfected into AsPC-1 and PANC-1 cells, and ELF3 expression was significantly decreased or increased, respectively, at both the mRNA ([Figure 3E](#F0003){ref-type="fig"}) and protein levels ([Figure 3F](#F0003){ref-type="fig"}--[G](#F0003){ref-type="fig"}). Collectively, the above results showed that miR-1224-5p could inhibit ELF3 expression by directly targeting ELF3 3′ UTR sequences.Figure 3ELF3 is a direct target gene of miR-1224-5p in pancreatic cancer cell lines. (**A**) ELF3 is an intersection of three different miRNA predicted websites showed by the Venn diagram. (**B**) Pearson Correlation Coefficient analysis between ELF3 mRNA and miR-1224-5p expression levels based on 174 pancreatic cancer patients' data from TCGA dataset. (**C**) Schematics of predicted miR-1224-5p binding sites between wild-type and mutant-type ELF3 sequences at the 3ʹ-UTR regions. (**D**) Relative luciferase activities were detected after co-transfected wild or mutant luciferase reporter plasmids and miR-1224-mimics using HEK293T cells. (**E**) The effect of miR-1224-5p on the ELF3 mRNA expression levels in AsPC-1 and PANC-1 cells detected by qRT-PCR. (**F**) The effect of miR-1224-5p on the ELF3 protein expression levels of AsPC-1 and PANC-1 cells measured by Western blotting. (**G**) Statistical analysis of the results of Western blotting. miR-NC stands for negative control, miR-mimics stands for miR-1224-5p mimics, miR-inhibitor stands for miR-1224-5p inhibitor. Data are presented as means ± SEM (n = 3 per group). \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

ELF3 Is Upregulated in Pancreatic Tumor Tissues, and ELF3 Expression Is Associated with Clinicopathological Features and Prognosis {#S0003-S2004}
----------------------------------------------------------------------------------------------------------------------------------

The GEPIA database provided differentially expressed genes based on TCGA and GTEx databases, which included 179 pancreatic tumor and 171 normal tissues. ELF3 was clearly upregulated in tumor tissues in comparison to normal tissues ([Figure 4A](#F0004){ref-type="fig"}). Then, we used Western blotting and immunohistochemistry to analyze ELF3 expression in paired pancreatic tumor and normal tissues based on our own collected samples. ELF3 was markedly overexpressed in pancreatic tumor tissues in contrast to normal tissues ([Figure 4B](#F0004){ref-type="fig"}--[D](#F0004){ref-type="fig"}). We also analyzed the expression level of ELF3 in pancreatic normal and cancerous cell lines by Western blotting, and ELF3 was significantly higher in AsPC-1, Capan-2, PANC-1 and SW1990 cells than in hTERT-HPNE cells ([Figure 4E](#F0004){ref-type="fig"}). ELF3 upregulation was significantly correlated with late clinical stage and advanced tumor stage based on TCGA clinicopathological information ([Figure 4F](#F0004){ref-type="fig"}--[G](#F0004){ref-type="fig"}). Moreover, ELF3 overexpression was markedly correlated with poor prognosis in pancreatic cancer patients ([Figure 4H](#F0004){ref-type="fig"}). Collectively, the above data indicated that ELF3 was overexpressed in pancreatic tumor tissues and might serve as a new diagnostic or prognostic biomarker.Figure 4ELF3 is upregulated in pancreatic tumor tissues and high expression of ELF3 is associated with clinicopathological features and prognosis. (**A**) ELF3 was significantly upregulated in pancreatic tumor tissues at the mRNA level based on GEPIA database. (**B**) ELF3 was significantly upregulated in pancreatic tumor tissues at the protein level. Representative images of the Western blotting results were provided. T stands for tumor tissue and N stands for matched adjacent normal tissue. (**C**) Statistical analysis of the results of Western blotting. (**D**) Representative images and statistical analysis of the ELF3 expression level detected by immunohistochemistry. (**E**) The relative expression level of ELF3 in AsPC-1, Capan-2, PANC-1, SW1990, and hTERT‐HPNE detected by Western blotting. (**F**) High expression level of ELF3 indicated an advanced clinical stage. (**G**) Upregulated ELF3 expression was associated with advanced tumor stage. (**H**) High expression level of ELF3 was significantly associated with poor prognosis of pancreatic cancer. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

Knockdown of ELF3 Inhibits Malignant Behaviors of Pancreatic Cancer Cells {#S0003-S2005}
-------------------------------------------------------------------------

To explore the carcinogenic role of ELF3 in pancreatic cancer, three ELF3-targeting siRNAs were used to transfect AsPC-1 and PANC-1 cells. The transfection efficiency was detected by Western blot. Since siELF3-1 was more effective than siELF3-2 and siELF3-3 after transfection of AsPC-1 and PANC-1 cells ([Figure 5A](#F0005){ref-type="fig"}), the siELF3-1 sequence was utilized to generate a lentivirus to stably knock down ELF3 expression in the two cell lines. In contrast to the sh-control group, knockdown of ELF3 significantly reduced cell proliferation and colony formation rate in AsPC-1 and PANC-1 cell lines ([Figure 5B](#F0005){ref-type="fig"}--[D](#F0005){ref-type="fig"}). Regarding the migratory and invasive abilities, wound-healing and transwell experiments showed that knockdown of ELF3 could markedly reduce the migration and invasion of AsPC-1 and PANC-1 cells ([Figure 5E](#F0005){ref-type="fig"}--[H](#F0005){ref-type="fig"}).Figure 5Knockdown of ELF3 inhibits cell proliferation, migration, and invasion of pancreatic cancer cells. (**A**) The transfection efficiency of three different siRNAs targeting ELF3 in AsPC-1 and PANC-1 cell lines detected by Western blotting. (**B**) CCK-8 assay was employed to detect the effect of knockdown of ELF3 in the proliferation ability of pancreatic cancer cells. (**C**) Representative images of colony formation assay from control, sh-control, and sh-ELF3 group. (**D**) Statistical analysis of the results from colony formation assay. (**E**) Representative images of wound-healing assay from control, sh-control, and sh-ELF3 group of AsPC-1 and PANC-1 cells. (**F**) Statistical analysis of the results from wound-healing assay. (**G**) Representative images of transwell assay from control, sh-control and sh-ELF3 group of AsPC-1 and PANC-1 cells. (**H**) Statistical analysis of the results from transwell assay. Data are presented as means ± SEM (n = 3 per group). \*p \< 0.05, \*\*p \< 0.01 vs the sh-control group.

Suppression of ELF3 Is Needed for the miR-1224-5p Inhibitory Effects on Proliferation, Migration, and Invasion in Pancreatic Cancer {#S0003-S2006}
-----------------------------------------------------------------------------------------------------------------------------------

To analyze whether the biological functions of miR-1224-5p were achieved by repressing ELF3, we restored ELF3 expression in miR-1224-5p-overexpressing AsPC-1 cells by cotransfection of miR-1224-5p mimics and the ELF3 overexpression plasmid. We found that proliferative, migratory and invasive abilities significantly increased after restoration of ELF3 expression compared with those in the miR-1224-5p overexpression group ([Figure 6A](#F0006){ref-type="fig"}--[E](#F0006){ref-type="fig"}). Furthermore, the expression of both miR-1224-5p and ELF3 was inhibited in PANC-1 cells by cotransfection with miR-1224-5p inhibitor and sh-ELF3. Inhibition of ELF3 partially eliminated the effect of miR-1224-5p knockdown ([Figure 6F](#F0006){ref-type="fig"}--[J](#F0006){ref-type="fig"}). Collectively, these results suggested that miR-1224-5p played an inhibitory role in pancreatic cancer progression by repressing ELF3 expression.Figure 6Suppression of ELF3 is required for the miR-1224-5p-mediated inhibition of proliferative, migrative and invasive abilities of pancreatic cancer cell lines. (**A**) Cellular proliferation ability was significantly increased after restoration of ELF3 expression by co-transfection gv144-ELF3 plasmid compared with miR-1224-5p mimics group. (**B**--**C**) Migratory ability was detected by wound-healing assay after co-transfection of miR-1224-5p mimics and ELF3 overexpression plasmid. (**D**--**E**) Invasive ability significantly increased after co-transfection of ELF3 overexpression plasmid compared with miR-1224-5p mimics group. Representative images of transwell assay were provided. (**F**) CCK-8 assay was used to detect proliferation ability in PANC-1 cell line after co-transfection of miR-1224-5p inhibitor and sh-ELF3. (**G**--**H**) Representative images and statistical analysis results of wound-healing assay for different groups. (**I**--**J**) Quantification of cell invasion of different groups with different treatments. Representative images and statistical analysis results were provided. Data are presented as means ± SEM (n = 3 per group). \*p \< 0.05, \*\*p \< 0.01 vs the miR-1224-mimics/miR-1224-inhibitor group.

miR-1224-5p Inhibits Pancreatic Cancer Growth by Targeting ELF3 in vivo {#S0003-S2007}
-----------------------------------------------------------------------

A subcutaneous tumor model was established to assess the cell proliferation ability in nude mice. miR-1224-5p agomir was used to transfect AsPC-1 cells. The nude mice injected with AsPC-1 cells overexpressing miR-1224-5p showed a significantly smaller volume of xenograft tumors compared with the NC group. In addition, knockdown of ELF3 in AsPC-1 cells produced a similar result ([Figure 7A](#F0007){ref-type="fig"}--[C](#F0007){ref-type="fig"}). Cotransfection of the ELF3 overexpression plasmid and miR-1224-5p agomir partially relieved the inhibitory effect of miR-1224-5p overexpression ([Figure 7A](#F0007){ref-type="fig"}--[C](#F0007){ref-type="fig"}). Furthermore, Western blot and immunohistochemical analyses were used to examine the ELF3 expression level in the excised tumors from different groups. A similar result was obtained whereby miR-1224-5p overexpression could clearly inhibit ELF3 expression ([Figure 7D](#F0007){ref-type="fig"}--[F](#F0007){ref-type="fig"}). Overall, miR-1224-5p inhibited pancreatic cancer growth by suppressing ELF3 expression, which was further confirmed in vivo.Figure 7miR-1224-5p inhibits pancreatic cancer growth by targeting ELF3 in vivo. (**A**) Excised tumor tissues from different groups at 3 weeks after initial implantation. (**B**) Tumor volume was measured and recorded every 7 days since the initial injection. (**C**) After 3 weeks, the tumor tissues were excised and weighed. (**D-E**) The ELF3 expression level of excised tumor tissues from different groups was detected and measured by immunohistochemical assay. (**F**) Western blotting was employed to detect the ELF3 expression level of excised tumor tissues from different groups. Data are presented as means ± SD (n = 3 per group). \*p \< 0.05, \*\*p \< 0.01.

The miR-1224-5p/ELF3 Axis Regulates Pancreatic Cancer Progression via PI3K/AKT/Notch Signaling Pathways and Is Associated with Immunologic Derangement {#S0003-S2008}
------------------------------------------------------------------------------------------------------------------------------------------------------

The new regulatory axis miR-1224-5p/ELF3 in pancreatic cancer based on the above results has been identified, but the underlying molecular mechanisms remain unclear. GSEA was used to find related signaling pathways based on the TCGA database according to the accepted guidelines. After analysis, we found several signaling pathways related to ELF3, including the notch signaling pathway, tight junction, cell adhesion molecules cams and base excision repair, which indicated that ELF3 might contribute extensively to pancreatic cancer progression ([Figure 8A](#F0008){ref-type="fig"}). In addition, ELF3 was closely associated with cytokine-cytokine receptor interaction, autoimmune thyroid disease, and graft versus host disease signaling pathways, suggesting that ELF3 might cause a potential immunologic derangement. Therefore, we performed immunological infiltration analysis of six immune cell types based on the TCGA database. High expression of ELF3 had an extensive negative correlation with infiltration by the six immune cell types, and significant correlations were identified between neutrophils, macrophages, and dendritic cells ([Figure 8B](#F0008){ref-type="fig"}). The above analysis indicated that high expression of ELF3 might lead to an immunosuppressive state in pancreatic cancer. The results of GO and KEGG analyses from the STRING database are provided in [Table 1](#T0001){ref-type="table"} and [[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=248507.pdf)]{.ul}. The protein-protein interaction (PPI) network was built and visualized based on the STRING database and Cytoscape software (version 3.7.2). This result indicated that ELF3 served as a hub gene in the network and had a close relationship with Notch1 ([Figure 8C](#F0008){ref-type="fig"}). We observed downregulation of Notch signaling pathway proteins, including Notch-1, C-myc, Cyclin D1, Hes-1, and VEGF, after knockdown of ELF3 in AsPC-1 and PANC-1 cells, suggesting that ELF3 might promote malignant behaviors of pancreatic cancer via a novel Notch signaling pathway ([Figure 8H](#F0008){ref-type="fig"}--[I](#F0008){ref-type="fig"}). It has been reported that high expression of ELF3 could promote epithelial-to-mesenchymal transition and is associated with malignant behaviors in hepatic carcinoma.[@CIT0012] A similar result was also found whereby silencing ELF3 increased E-cadherin and decreased N-cadherin, Vimentin, MMP-9, Snail, and Slug protein expression levels in pancreatic cancer cell lines ([Figure 8D](#F0008){ref-type="fig"}--[E](#F0008){ref-type="fig"}). Since PI3K and AKT have been recognized as important upstream pathways regulating EMT changes, we found that P-PI3K and P-Akt expression was markedly inhibited after knockdown of ELF3 ([Figure 8F](#F0008){ref-type="fig"}--[G](#F0008){ref-type="fig"}). Overall, ELF3 might play a novel oncogenic role in pancreatic cancer via various signaling pathways.Table 1KEGG Pathway and Gene Ontology (GO) Analysis Containing Molecular Function (MF), Biological Process (BP), and Cellular Component (CC) Based on the STRING DatabaseKEGG PathwaysIDTerm DescriptionCountP valuehsa04330Notch signaling pathway71.15E-14hsa05165Human papillomavirus infection81.59E-11hsa04658Th1 and Th2 cell differentiation51.24E-08hsa04919Thyroid hormone signaling pathway43.94E-06hsa05206MicroRNAs in cancer48.62E-06hsa05169Epstein--Barr virus infection30.00083hsa05200Pathways in cancer40.00083hsa05203Viral carcinogenesis30.00083hsa04720Long-term potentiation20.0025hsa04520Adherens junction20.0026**Gene Ontology (GO): Biological Process (BP)IDTerm DescriptionCountP value**GO:0008593Regulation of Notch signaling pathway91.07E-16GO:0045747Positive regulation of Notch signaling pathway82.62E-16GO:0007221Positive regulation of transcription of Notch receptor target72.90E-16GO:0006367Transcription initiation from RNA polymerase II promoter63.91E-08GO:0006366Transcription by RNA polymerase II81.76E-07GO:0061418Regulation of transcription from RNA polymerase II promoter in response to hypoxia44.73E-07GO:0009967Positive regulation of signal transduction95.74E-07GO:0045944Positive regulation of transcription by RNA polymerase II81.50E-06GO:0010628Positive regulation of gene expression92.34E-06GO:2000112Regulation of cellular macromolecule biosynthetic process112.60E-06**Gene Ontology (GO): Cellular Component (CC)IDTerm DescriptionCountP value**GO:0005654Nucleoplasm115.50E-07GO:0002193MAML1-RBP-Jkappa- ICN1 complex24.38E-05GO:0044451Nucleoplasm part50.002GO:0016604Nuclear body40.005GO:0005794Golgi apparatus50.0063GO:0000123Histone acetyltransferase complex20.0064GO:0043232Intracellular non-membrane-bounded organelle70.0135GO:0000139Golgi membrane30.0313GO:0032991Protein-containing complex70.0313GO:0098791Golgi subcompartment30.0381**Gene Ontology (GO): Molecular Function (MF)IDTerm DescriptionCountP value**GO:0003713Transcription coactivator activity55.02E-05GO:0000987Proximal promoter sequence-specific DNA binding50.00021GO:0001085RNA polymerase II transcription factor binding30.00074GO:0140110Transcription regulator activity70.00074GO:0000978RNA polymerase II proximal promoter sequence-specific DNA binding40.00094GO:0004402Histone acetyltransferase activity20.00094GO:0003682Chromatin binding40.0011GO:0001102RNA polymerase II activating transcription factor binding20.0016GO:0061629RNA polymerase II-specific DNA-binding transcription factor binding30.0021GO:0003684Damaged DNA binding20.0031 Figure 8Immunological infiltration, EMT changes, and PI3K/AKT/Notch signaling pathways are enrolled in the miR-1224-5p/ELF3 axis of pancreatic cancer. (**A**) Relative signaling pathways were identified using gene set enrichment analysis based on TCGA database. (**B**) The correlation coefficient between ELF3 expression level and immunological infiltration level was provided. Cor stands for correlation coefficient value. P values were shown at the lower right corner of each small image. (**C**) Protein-protein interaction (PPI) network was visualized by Cytoscape software. Red squares represented top 3 hub genes in the network, yellow squares meant top 4 to top 10 hub genes and blue squares meant top 11 to top 20 hub genes. (**D**--**E**) Western blotting and statistical analysis of correlated protein expression in EMT signaling pathway. (**F**--**G**) Western blotting and statistical analysis of correlated protein expression in PI3K/AKT signaling pathway. (**H**--**I**) Western blotting and statistical analysis of correlated protein expression in Notch signaling pathway. Data are presented as means ± SEM (n = 3 per group). \*p \< 0.05, \*\*p \< 0.01 vs the corresponding NC group.

Discussion {#S0004}
==========

Pancreatic cancer is a malignant solid tumor with the unique features of early metastasis, late diagnosis, and poor prognosis. Elucidation of the underlying mechanism in tumor progression and identification of new biomarkers for diagnosis, treatment, and prognosis are urgently needed to increase the overall survival rate of pancreatic cancer patients. Emerging studies have demonstrated that aberrant expression of microRNAs has an extensive impact on the occurrence and progression of different kinds of tumors and can act as novel diagnostic, prognostic, and specific therapeutic targets. Based on the development of whole-genome sequencing, the TCGA and GEO databases offer abundant high-throughput sequencing information and corresponding clinical data. In our study, the new regulatory axis miR-1224-5p/ELF3 was identified in pancreatic cancer via integrated bioinformatic analysis and experimental verification.

Previous research has suggested that miR-1224-5p is downregulated in lung cancer, glioma, and intestinal-type gastric cancer. Overexpression of miR-1224-5p predicts good prognosis in intestinal-type gastric cancer and glioma.[@CIT0029]--[@CIT0031] miR-1224-5p inhibits the progression of gastric cancer and glioma by directly inhibiting FAK and CREB1.[@CIT0029],[@CIT0031] In addition to its role in cancer, overexpression of miR-1224-5p observably inhibits the migration, invasion, and proliferation of keloid fibroblasts and represses proliferation of hepatocytes after acute liver failure.[@CIT0032],[@CIT0033] In this study, we first determined that miR-1224-5p is downregulated in pancreatic cancer tissues based on three GEO datasets and clinical sample verification. Furthermore, overexpression of miR-1224-5p inhibited cell proliferation, migration, and invasion of pancreatic cancer in vivo and in vitro. miR-1224-5p has been identified as a novel prognosis-related biomarker for pancreatic cancer. A further large-scale study is needed to test the prognostic efficiency of miR-1224-5p in pancreatic cancer. To further analyze the underlying mechanism behind miR-1224-5p, three miRNA target prediction databases were integrated to find the direct target of miR-1224-5p. ELF3 was selected as the direct target gene of miR-1224-5p and verified by experiments.

ELF3 is an important member of the ETS transcription factor family, playing oncogenic or suppressive roles depending on the different tumor types. For instance, overexpression of ELF3 in lung cancer, HER2+ breast cancer, and liver cancer can facilitate the progression of tumors.[@CIT0011]--[@CIT0013] However, a previous study showed that loss of ELF3 induces epithelial to mesenchymal transition in ovarian cancer, indicating that ELF3 acts as a tumor suppressor.[@CIT0034] It has also been demonstrated that overexpression of ELF3 in the cholangiocarcinoma cell line can significantly inhibit its proliferation.[@CIT0035] However, the specific function of ELF3 in pancreatic cancer has not been recognized previously. We first demonstrated that knockdown of ELF3 expression can significantly inhibit the proliferation, migration, and invasion of pancreatic cancer cells. Rescue experiments were also performed to verify that suppression of ELF3 is required for the inhibitory role of miR-1224-5p in pancreatic cancer. GSEA and immune infiltration analysis revealed that high expression of ELF3 might contribute to the immunosuppressive state of pancreatic cancer, but detailed mechanisms behind this phenomenon require further study. In previous studies, it has been shown that ELF3 can promote the proliferation, migration, and invasion of hepatic carcinoma cells by promoting EMT changes.[@CIT0012] A similar result was also obtained in our study, in which knockdown of ELF3 in pancreatic cancer cells increased E-cadherin and decreased N-cadherin, Vimentin, MMP-9, Snail, and Slug protein expression levels. In addition, another study has shown that high expression of ELF3 facilitates proliferation and invasion in lung cancer by regulating PI3K/AKT/ERK signaling pathways.[@CIT0011] The PI3K and AKT signaling pathways are recognized as novel upstream pathways regulating the EMT process.[@CIT0036] We observed that P-PI3K and P-Akt expression levels were markedly inhibited after knockdown of ELF3 in two pancreatic cancer cell lines, indicating that ELF3 may promote EMT by activating the PI3K/AKT pathways.

Mounting evidence has indicated that the Notch signaling pathway is important in the occurrence and progression of pancreatic cancer.[@CIT0037] Based on the STRING database, we identified a close interaction between ELF3 and Notch1. Subsequently, several key pathways were predicted by GSEA and the STRING database, including the Notch signaling pathway, microRNAs in cancer, pathways in cancer, and positive regulation of the Notch signaling pathway. The above evidence indicates that ELF3 might act as a key regulator involved in various cancer-related pathways. After knockdown of ELF3 in pancreatic cancer, we observed significant downregulation of Notch signaling pathway proteins, including Notch-1, C-myc, Cyclin D1, Hes-1, and VEGF. The Notch signaling pathway is identified as a new downstream pathway behind ELF3 in pancreatic cancer. Further studies on the direct molecular mechanisms between ELF3 and the Notch signaling pathway are needed in future research.

Conclusion {#S0005}
==========

In conclusion, we establish the novel regulatory axis miR-1224-5p/ELF3 in pancreatic cancer. Several important signaling pathways behind this axis have been identified, including the PI3K, AKT, EMT and Notch pathways. Since miR-1224-5p and ELF3 are closely associated with diagnosis or prognosis in pancreatic cancer, a further large-scale experiment is required to verify whether they could be new biomarkers for pancreatic cancer.

The results published here are in whole or part based upon data generated by the TCGA Research Network: [<https://www.cancer.gov/tcga>]{.ul}. The authors would like to thank Busheng Xue for the suggestions on the manuscript.
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